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The helicopter version of the Rotor Systems Research Aircraft is designed to make 
simultaneous measurements of all rotor forces and moments in flight in a manner analo-
gous to a wind-tunnel balance. Loads are measured by a combination of load cells, strain 
gages, and hydropneumatic active isolators which use pressure gages to measure loads. A 
complete evaluation of system performance requires calibration of the rotor force- and 
moment-measuring system when installed in the aircraft. Measurement system responses to 
rotor loads obtained during the first static calibration of the helicopter are plotted and 
discussed here. Extensive plots of the raw transducer data are included in the appendix_ 
INTRODUCTION 
A major goal of the Rotor Systems Research Aircraft 
(RSRA) is measurement of the forces and moments gener-
ated by a helicopter rotor in flight. Each of the two RSRAs 
has a different system for measuring rotor loads as described 
in reference 1. The fust static loads calibration of the com-
pound RSRA is discussed in reference 2; the first calibration 
of the helicopter version of the RSRA with the active iso-
lator system is described in this paper. Raw transducer out-
puts were transformed to a consistent set of ' rotor loads 
axes to provide the system response plots presented here. 
The appendix provides a wide selection of untransformed 
raw data. 
Description of Aircraft Systems 
Figure 1 shows the basic concept of RSRA rotor loads 
measurement, whereby rotor loads are transmitted from the 
base of the tranSmission, to the airframe, through a collec-
tion of force transducers. The system used on the RSRA heli-
copter is shown in more detail in figure 2. Four load cells in a 
focused arrangement measure vertical loads and allow 
in-plane loads to be taken up by four active isolators. In addi-
tion, a torque link (partly hidden in the figure) relieves the 
isolators of part of the static torque loads and provides struc-
tural redundancy for safety. The torque link has conven-
tional strain gages for load measurement. The entire system 
functions analogously to a wind-tunnel balance. 
The active isolators are described in detail in reference 3. 
Figure 3 schematically shows the features of interest. The 
pneumatic springs absorb vibratory loads, while the servo 
valve kee:ps the piston centered under large steady loads. A 
differential pressure transducer provides load data. Since 
there are internal friction losses within the isolators , it is pre-
.ferred not to convert pressure data directly to force data as 
this would slightly reduce the accuracy. A piston lock pro-
vides a separate load path for safety in the event of isolator 
or hydraulic system failure. It also provides a convenient zero 
reference for optional displacement transducers (i1Ot shown). 
Calibration Requirements 
It is desired that rotor forces and moments be measured 
with accuracies traceable to the National Bureau of Stan-
dards. Individual component calibrations are insufficient, 
because structural flexibility in the airframe changes the load 
distribution among the transducers, causing interactions 
(cross-talk) and changes in effective sensitivities. Moreover, 
the isolator pistons must move slightly to absorb vibration, 
and any motion under static loads will further change the 
load distribution. Isolator internal friction and accumulated 
rigging (alignment) errors accentuate the problem. Therefore, 
the entire load measurement system must be calibrated when 
installed in the aircraft. 
Figure 4 illustrates the static calibration method. A special 
calibration fixture replaced the rotor head, and the airframe 
was restrained by the landing gear mounting lugs. Hydraulic 
cylinders applied static loads through cables and pulleys, 
except for lift where a solid rod and walking beam were used. 
High-accuracy calibration-reference load cells connected the 
cables and rod to the rotor head fixture. Weight was not 
important here, so the calibration fIxture components were 
designed for high stiffness, and their geometry was arranged 
to allow the reference load cells to directly measure app}.ied 
loads with maximum accuracy. 
Figure 5 shows the calibration-reference axis system. 
Table 1 shows the values of the calibration loads. The single 
loads represent the performance limits of the RSRA's S-61 
TABLE 1.- CALIBRATION FACILTTY LOAD APPLICATION CAPABILITIES (1983) 
Positive Single load Combination Axis direction limit (100%) load limit Applied load accuracy 
X = longitudinal Forward ±8,620 lb 
Y = lateral Right ±5,420 lb 
Z = vertical Down - 48,800Ib 
L = roll Right down ±16,6~7 ~ . :': 
M= pitch Nose up +25 ,500 ft-lb 
-16,667 ft·lb 
N= torque Left forward +58,167 ft-Ib 
rotor, while loads in combination are reduced because of 
structural limitations of the airframe. The most important 
combined loads are those with lift (Z) and torque (N) 
because these two loads are significant for virtually all rea-
sonable flight conditions. The combination load limits have 
been slightly modified as compared with those used in the 
first calibration (ref. 2), and significantly expanded in the 
torque (N) axis. 
The reference load cells were individually calibrated with 
equipment traceable to the National Bureau of Standards. 
Such calibrations of the reference load cells determined the 
facility accuracies given in table 1. The listed values are the 
standard deviations of the errors in measuring each applied 
load, and have been rounded to be conservative. " 
All calibration data were taken by a high-accuracy digital 
voltmeter connected to a high-speed data scanner. A small 
computer converted raw voltage readings to engineering 
units, displayed selected parameters in ' real-time , and stored 
all of the data on floppy disks. The data were later trans-
ferred t o a large main-franle computer for editing, plotting, 
and analyzing. 
COMPARISON OF PREDICTED AND APPLIED LOADS 
Interpretation of the results may be simplified by compar-
ing predicted loads to the known applied loads. This requires 
a calibration matrix to t ransform raw transducer' outputs to 
"resultant loads in the same coordinate system used for cali-
bration (fig. 5). The analysis required to calculate ilie opti-
mum calibration matrix is discussed in reference 2. For pres-
ent purposes a simple matrix derived from system geometry 
will suffice. If the airframe h.ad no manufacturing, assembly , 
or rigging errors and was perfectly rigid , the geometric matrix 
used here would be optimal. 
The results of converting the data with the geometric 
matrix are plotted as predicted loads against known applied 
loads in figures 6-1 1. Only single loads (case 1 in the appen-
dix) are plotted. For these plots, all loads were normalized 
with respect to the maximum loads in each axis. All six 
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±4 ,000 lb 171b, 0.2% full-scale 
±2,500 lb 141b, 0.3% full-scale 
-24,4001b 681b, 0.2% full-scale 
±8,333 ft-Ib 58 ft-lb , 0.4% full-scale 
+ 12,500 ft -lb 67 ft-lb, 0.3% full-scale 
-12,500 ft-lb 
+50,000 ft -lb 31 ft-lb , 0.06% full-scale 
predicted loads could therefore be shown on the same plot 
for each applied load, allowing direct comparison of relative 
accuracies . A perfect prediction in ilie same axis as the 
applied load would be a diagonal line with a slope of unity 
(ilie dashed reference line). Perfect predictions in all other 
axes would be exactly zero. 
The main rotor shaft of ilie RSRA is inclin", __ ·wo degrees 
forward with respect to the airframe. To simplify call ration , 
the aircraft was attached to the calibration facility frame-
work in a 2° Hose-up attitude, thereby orienting the main 
rotor shaft exactly vertically. This ensured that the weights 
of ilie transmission and the rotor head calibration fixture 
caused only constant bias errors in ilie calibration-reference 
axis system. In normal flight conditions, there is a large con-
stant torque load, so ilie two lateral isolators are preloaded 
in order that they will operate near ilie middle of their mea-
surement range. These isolator preloads introduced more bias 
errors during calibration. 
A full calibration analysis would determine the best cor-
rections for these bias errors, but the geometric matrix 
cannot correct for all such errors. To simplify the data plots 
given in figures 6-11, the data were empirically adjusted to 
give zero total mean errors for all single loads. The plots thus 
reveal slope errors, relative local bias errors, asymmetry, non-
repeatability , hysteresis, and other nonlinearities . 
Standard deviations of the errors in predicting loads wi~ 
ilie geometric matrix are given in table 2. Bias errors were 
TABLE 2.- LOAD PREDICTION ERRORSa 
Axis Full scale limit Error standard deviation 
X 8,6201b 3171b, 3.7% full-scale 
Y 5,4201b 2291b , 4.2% full-scale 
Z 48,8001b 1021b, 0.2% full-scale 
L 16,667 ft-Ib 970 [t-Ib, 5.8% full-scale 
M 25 ,000 ft-Ib 1104 ft-Ib , 4.4% full-s cale 
N 58,167 ft-Ib 3207 ft-Ib, 5.5% full-scale 
aErrors are based on a geometric conversion matrix. 
Bias errors are not included. 
• 
removed before calculating the standard deviations. The sta· 
tistics, therefore, correspond exactly to the data as shown in 
figures 6-11. 
DISCUSSION OF RESULTS 
Considering for the moment only primary responses to 
single·axis applied loads, the Z axis has the best accuracy 
(table 2). Figure 8 shows that the behavior of the Z·axis 
measurements is very close to the ideal, nearly matching the 
limiting accuracy of the calibration facility (table 1). 
Figures 6 and 11 show the X-axis errors are slightly 
affected by linear slope errors, and the N-axis errors are 
strongly affected. Note that even a small slope error could 
cause a significant error at the extremes of the measurement 
range. These slope errors are theoretically correctable by a 
linear analysis. However, the N-axis would still show residual 
nonlinearity, and the X:axis wOjlld certainly have residual 
hysteresis errors. 
Both Y- and L-axis errors are clearly dominated by erratic 
hysteresis, as shown by figures 7 and 9. There is also a slight 
slope error apparent in the L-axis. Only a slight reduction in 
error for either of these two axes could be expected to result 
from a more sophisticated analysis. 
The major source of error in the M-axis is nonrepeatability 
(fig. 10). It cannot be determined from the da~a presented 
here whether this is a recurring problem with the load mea-
surement system, or a result of a partial failure of calibration 
facility equipment. The latter case is suspected, but a more 
detailed analysis is required to confirm this hypothesis. If it 
is true, then a recalibration would reveal much lower M-axis 
errors. 
3 
There are 30 different cross-axis responses shown in fig-
ures 6-11. They are covered only very briefly here, taking 
each applied load in turn. Applied X-loads cause slight 
linear slope errors in L and M, and mostly a local bias error in 
Y. Applied Y-loads cause large erratic hysteresis errors in L, 
but negligible other cross-axis errors. Z-loads cause consider-
able local bias and slope errors in all other axes , plus very 
erratic hysteresis in Y and L. Applied L-Ioads have an effect 
on Y similar to that of applied Y-loads, but it is reduced in 
magnitude. Applied M- and N-Ioads cause very slight slope 
errors in nearly all other axes. Also, N-Ioads cause erratic 
responses in Y and L. 
CONCLUSIONS 
The major types of error in the active isolator version of 
the RSRA loads-measurement system are biases and linear 
slope .errors. These are theoretically correctable by proper 
data processing, so a full calibration analysis appears to be 
worthwhile. The Y- and L-axes (side-force and roll) are 
expected to show the largest residual measurement errors, 
which are mostly due to hysteresis. The Z-axis (liff) ~hows by 
far the lowest error. 
The M-axis (Pitch) shows significant nonrepeatabiIity 
which is thought to be due to improper performance of the 
calibration equipment ; however, this has yet to be conclu-
sively proven. This qualification aside, the calibration 
revealed nothing which would prevent the active-isolator 
loads-measurement system from providing usable flight 
research data. 
~-. -.--~-
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RAW DATA PLOTS 
A collection of selected plots including most of the raw 
data comprises this appendix. Each plot shows an aircraft 
transducer - load cell, pressure gage, etc. - plotted against 
applied load. The horizontal scales are fixed to match the 
maximum applied load, but the vertical scales are allowed to 
vary so that the data curves will fill the page, better revealing 
detail. Table Al shows the maximum (full-scale) magnitudes 
of each transducer output. Allowable full-scale applied load 
values were provided in table I of the main text. 
Most transducer data have been converted into engineer-
ing units of force (pounds) or displacement (inches). Isolator 
data are plotted as differential pressure (psi). Isolator data 
may be converted into appro~a~e units of force (neglecting 
isolator internal friction) by mUltiplying by the isolator pis-
ton area, 17.32 in.2 • This is only a scaling change and will 
not alter the shape of the data curves, but is not as accurate 
as units of pressure because the isolators have not been indi-
vidually calibrated to determine internal losses. Isolator dis-
placement data have been corrected to give zero readings at 
the "locked-out" positions of the isolators. Main rotor shaft 
torque strain gage data have been left in output voltage units. 
Table A2 lists all cases of load combinations for which 
plots are included. To save space, several runs are plotted 
together for each varied load included in each case. There ' are 
15 transducer plots for each varied load axis under each case, 
for a total of 240 plots. 
Each case includes a different series of constant loads in 
the z- and N-axes, with varied loads in other axes. A constant 
load of zero means only that there was no load held at a 
flXed nonzero value; varied loads in that axis were still 
allowed. Constant loads were applied only in the Z- and 
N-axes because these are the two axes that in straight-and-
level flight or hover would experience large constant load 
components in addition to relatively small trim and vibratory 
loads. 
. Case 1 is the simplest case, with loads applied in only one 
axis at a time (single loads). Two complete replications over 
the full-scale range are shown in each plot, in the same order 
as the loads were applied: positive, negative, posm~ e, nega-
tive. Z and N are one-sided axes, so only two data runs are 
plotted for them, negative or positive as appropriate. The 
first data run plotted was preceded by an identical run (not 
shown) that exercised the measurement system to give more 
consistent measurements of hysteresis in that axis. The first 
run plotted therefore shows 'the effects of prior exercising in 
the same direction for that axis, while the second and 
TABLE Al.- MAXIMUM RANGES OF AIRCRAFT TRANSDUCER OUTPUTS 
Transducer Minimum Maximum Full scale 
Forward load cell, lb -11,000 16,000 ±25,000 
Right load cell, lb -9,000 11,000 ±25,000 
Left load cell, lb -9,000 9,500 ±25,000 
Aft load cell, lb -9 ,000 10,000 ±25,000 
Torque link, Ib -10 175 N/A 
Left isolator pressure, psid -75 850 ±3,000 
Right isolator pressure, psid -100 850 ±3,000 
Forward isolator pressure, psid -750 750 ±3,000 
Aft isolator pressure, psid -1 18 ±3,000 
Left isolator displacement, in. -0.0205 -0.001 ±0.40 
Right isolator displacement, in. 0.014 -0.035 ±0.40 
Forward isolator displacement, in. 0.015 0.0315 ±0.40 
Aft isolator displacement, in. -0.32 0.0 ±0.40 
Shaft torque gage MRQI, volts -0.0210 0.0052 N/A 
Shaft torque gage MRQ2, volts 0.00085 0.0240 N/A 
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T ' __ ,LE A2.- LOAD COMBINATIONS 
Case Constant loads Z, % N ,% X Y 
1 0 0 55-58 61-64 
2 0 85 120-121 99-100 
25 85 47-48 93-94 
50 85 41-42 39-40 
3 50 0 79-80 97-98 
50 40 49-50 ~") -96 
50 85 41-42 39-40 
4 0 0 
25 0 
50 0 
5 0 0 
0 40 
0 85 
aUnreliable data not included. 
subsequent runs plotted show the effects of exercising in the 
opposite direction (except for Z and N). 
Cases 2 and 3 show the differences in transducer response 
when one constant-load axis is held flxed while the other is 
stepped through different constant load levels. This allows 
comparisons to be made of the effects Of different flight con-
ditions, with a zero reference. Note that some data runs are 
14 
Varied loads 
Z L M N 
52-53 72-75 82-85 67-68 
(34) 118-119 101-102 N/A 
N/A 107-108 103-104 N/A 
N/A 35-36 37-38 N/A 
N/A 116-117 a (33) 
N/A 109-110 a N/A 







included in both cases. These runs represent the maximum 
allowable values of multiple constant loads. 
Since a load cannot be held constant and varied at the 
same time, the effects of different constant loads on the Z-
and N-axes are shown separately in cases 4 and 5. Case 4 is a 
variation of case 2, with N varied instead of held constant, 
and case 5 is a variation of case 3, with Z varied instead of 
held constant. 
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Applied X Load 
Constant Loads: None 
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Ap,Jlied X Load 
Constant Loads: None 
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Applied X Load 
Constant Loads: None 
0.031 ~-----------------------------------------------------. 
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Runs: 055 056 b. 57 'V 58 
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Applied X Load 
Constant Loads: None 
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Applied X Load 
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RSRA 74 1 1983 ROTOR CALIBRATION 
Applied X Load 
Constant Loads: None 
32.5 ,.-------------- --,--- - - -----------, 
30.0 
, , 
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Applied X Load 
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Applied Y Load 
Constant Loads: None 
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Applied Y Load 
Constant Loads: None 
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Applied Y Load 
Constant Loads: None 
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Runs: 061 062 ~ 63 'i7 64 
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Applied Y Load 
Constant Loads: None 
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Runs: 061 062 ~ 63 v 64 
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Applied Y Load 
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Applied Y Load (lb) 
Runs: 061 062 t. 63 
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Applied Y Load 
Constant Loads: None 
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Appl"ed Y Load 
Constant Loads: None 
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Applied Y Load 
Constant Loads; None 
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Applied Y Load 
Constant Loads: None 
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Constant Loads: None 
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Applied Y Load 
Constant Loads: None 
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Constant Loads: None 
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Applied Z Load 
Constant Loads: None 
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Constant Loads: None 
10000 .------~------_,__----_:__--~----____, 
9000 








4000 ... .... ......... ....... .. ............... .................. ... ........ ... ................. ... ... .. ................... ..... .. . 
3000 
· . --_.- .... _-_ ... _-- --- . .. ........ --_. _- _ .. -_ .. _-.------_ . ....... .. .. ...... ... ... . . ---- . .. .. __ ..... --_ ... . . .... . ... . .. . __ .. . 2000 
1000 




Runs: 0 52 0 53 
-30000 -20000 















- - -- - - - -------------
RSRA 741 1983 ROTOR CALIBRATION 
Applied Z Load 
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Appli ed M Load 
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Applied X Load 
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Applied Y Load 
Constant Loads: 50% Z, N 
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Constant Loads: 50 % Z, N 
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Applied Y Load 
Co stant Loads: 50% Z, N 
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Applied Y Load 
Constant Loads: 50% Z, N 
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Applied Y Load 
Constant Loads: 50% Z, N 
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Constant Loads: 50% Z, N 
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Applied Y Load 
Constant Loads: 50% Z, N 
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7000 ,---------------------------------------------------, 
6800 
6600 · ., .............. -_ ... ; .......... . ...... . ... . : ............. .. . . ..... ! .. .. . . . .... . .. .. . .. . .. ; ... . .. .. ....... .. -_ . . . :- ................... . 
• • I I • 
· . . . , 
, . , . . 
• I • , • 
· '..
· ' . . 
· .
· , " 
, " . 
· . . , 
· . , . 
· . 
· . 
· , , , 
, . 
6400 , , , , · . 
6200 ~::::: ~ ~~- : : . . .. . .... . .... - - ---.[---.-- - -- ~-.--~ -- - -:-- -~ ----
· . . . 
· . . . 
· . . , 
· . . , 
· . . . . , , , 
, . . 
· . . 
- . . 
, . . 
, , , 
· . , 
· . , 6000 , . . , . , 
, . . 
, . 
· , , , 
· , , 
, , 
· , , , 
, . 
, , 
· . , . 
· . , , 
, , 
5800 
, , , . . , 
- - .... .. ... . - . . - . - .. :- ... . .... .. .. ........ . .. : .. - . - .. - ................. ! ....... .. . .... .. .. . - . . - . ~ . . ..... . . . . - .... . . ........ :- . . ... . ..... . - - ...... - . . 
, , • • I 
• , • , I 
, • • • I 
, , , . , 
, . . , 
· , . . 
, , . . 
, , , , 
I • • , 
· , . . 
· , . , 
· . 
· . , , 
, , 
, , 
5600 · . · , · , 
· -
5400 ~~-~~--~~--~~--~-~~--~~--~~--~~-~~ 
-9000 -6000 -3000 a 3000 6000 9000 
Applied L Load (ft-Ib) 
Runs: 035 036 ~109 'V 110 o 116 . ~ 117 
197 














RSRA 7 41 1983 ROTOR CALIBRATION 
Applied L Load 
Constant Loads: 50% Z, N 
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Applied L Load 
Constant Loads: 50% Z, N 
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Applied L Load 
Constant Loads: 50% Z, N 
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Applied L Load 
Constant Loads: 50% Z, N 
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Applied L Load 
Constant Loads: 50% Z, N 
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Applied L Load 
Constant Loads: 50% Z, N 
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Constant Loads: 50% Z, N 
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_ Applied L Load 
Constant Loads: 50% Z, N 
0_020 .----------------------------------------------------------, o~~o~o~: -eo-am~~o~o~9~~~~O&-~O~~~· ~B~~~~Q~~Qr_~9e-t8~~~~:D~DrtD~D 
0 .018 
, . . . 




0.008 . . . , . . . ... . . . . _- -_ ... _-_ . .. .. -_ ._ -_ . . .. _--- --.. .. ... __ .-_ ._--- -_ .. . .. . .. .. . . . .. . .......... . -- .. ... .. ....... . .. .. .. --.' _ .. --- . . _- --- _ .. ... . 
0.006 
, .. . 
0.004 , . , . . . __ .. .......... .. .. ,. . __ ..... - . . . .... . . ....... __ ...... .. -_ ... _-- . .. . .... . _-_ . . . __ . .. . ... .. ...... . -- ....... . . .. . ... -......... .. __ .. . 
0.002 
0.000 ~~--~--~~--~~~~--~~--~--~~--~--~~--~--~~ 
-9000 -6000 -3000 0 3000 6000 9000 
Applied L Load (ft-Ib) 


















RSRA 741 1983 ROTOR CALIBRATION 
Applied M Load 
Constant Loads: 50% Z, 85% N 
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Applied M Load 
Constant Loads: 50% Z, 85% N 
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Applied M Load 
Constant Loads: 50% Z, 85% N 
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Appli ed M Load 
Constant Loads: 50% Z, 85% N 
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Applied M Load 
Constant Loads: 50% Zt 85% N 
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